Introduction
In piezoelectric energy harvesting applications, switching converters synchronized with vibrations have shown to provide significant performance increases with respect to conventional passive interfaces [1] . Among them, synchronous electric charge extraction (SECE) operates removing all charge from the piezoelectric transducer in correspondence of energy maxima ( Fig. 1 ) by means of a first resonant circuit. The corresponding energy is then transferred to the output storage capacitor by means of a second resonant circuit. SECE is reported to significantly increase the harvested power and to double the peak-to-peak transducer voltage with respect to an open circuit configuration [1] [2] .
However, these results are mostly based on the assumption of weakly electromechanically coupled piezoelectric transducers, which are safely modeled in terms of purely capacitive models (Fig. 2a) . In general, this assumption always hold when transducers are excited above their resonance frequency. However, as a matter of fact, with highly coupled piezoelectric transducers, synchronized switch interfaces and, more specifically, SECE introduce significant damping effects reducing the output power when the transducer is excited in proximity of the resonance frequency [3] [4] , which is usually a desired operating condition for maximizing the mechanical response. Actually, in order to extract charge from the transducer, SECE applies to the electrical port of the transducer, by definition, a periodic series of current pulses at the same frequency of the exciting vibration. When the stimulus is applied at the resonance frequency, the first harmonic of the current drawn from the transducer also falls in the resonance region of the piezoelectric transducers [4] [5] and opposes vibrations (Fig. 3) . This results in a lower generated voltage [4] and, consequently, in a lower extracted energy per cycle, which depends on the square of the peak voltage available on the transducer. As shown in [4] , an equivalent electromechanical circuit (Fig. 2b ) reliably models this type of damping effects.
Quasi-synchronous Electric Charge Extraction
This paper proposes a quasi-synchronous electric charge extraction (QSECE) for compensating the above mentioned damping effects. The objective is to perturb the current drawn by SECE in order to alter its frequency spectrum without significantly affecting the harvested power. This is accomplished by introducing a random pulseposition modulation coupled with a random on-off keying on the SECE current pulses.
First, a random variable p i ranging in [0,1] and a random jitter ΔT i ranging in [-T MAX , +T MAX ] are associated to each voltage peak. According to the definition of SECE, it is necessary that T MAX (4f) -1 , where f is the applied vibration frequency. A probability of activation P is also globally set. For each i-th voltage peak, if p i > P then the charge extraction cycle is not executed. Otherwise, if p i P, the i-th charge extraction cycle is delayed or anticipated of ΔT i . The introduction of the above random variables aims at spreading the energy of the current pulses in a wide frequency band (Fig. 4) , outside the resonant response of the piezoelectric transducer, in order to limit the amplitude of the mechanical response of the transducer to the SECE converter. As a trade-off, performing charge extraction away from voltage peaks will not harvest the locally available maximum energy. However, the energy loss is limited, since the transducer voltage is quite flat around local maxima and minima. In addition, as it will be shown later on in this paper, this energy loss is more than compensated by a lower mechanical damping.
Experimental results
For validation purposes, measurements were performed on a Q220-A4-303YB PT from Piezo Systems with a 7 g tip mass, excited at its resonance frequency f 0 = 1/T 0 , and connected to the SECE power converter of Fig. 5 . When a peak voltage is detected, a microcontroller determines the random values for p i and ΔT i , and manages the i-th charge extraction cycle as discussed above. Negative values of ΔT i are handled during the previous (i-1)-th activation cycle as positive delays T 0 /2-|ΔT i |. For several combinations of (P, T MAX ), the transducer voltage was acquired for 4 s with a digital oscilloscope and the extracted energy E QSECE = 0.5C P Σ i V Pi 2 was computed, where V Pi is the transducer voltage immediately before at each performed charge extraction. The same measurements were performed with a conventional SECE approach, in order to compute the extracted energy E SECE . The values of E QSECE normalized to E SECE for all the combinations of (P, T MAX ) are reported in Fig. 6 . A jitter ΔTi is introduced on each activation of charge extraction (CE): as a secondary effect, this also modulates the amplitude of current pulses because of the different PT voltages obtained at each CE. In addition, according to the activation probability P, some CEs are skipped. As a consequence, the current signal I(t) drawn from the PT then becomes aperiodic with a spread spectrum I(f).
The experimental results show that the proposed QSECE technique increases the extracted power of +29% with respect to a conventional SECE. In addition, since the consumption of the power converter is usually a critical aspect [6] , the above results also show that a comparable performance is also achieved for values of P lower than 100%, which means that switching energy consumption of the power conversion circuit can be reduced accordingly without affecting the output power. Fig. 5 . The experimental setup, composed of: a Q220-A4-303YB transducer excited at its resonance frequency by a shaker system; a microcontroller based power conversion circuit able to perform SECE and QSECE under software control. Charge extractions are triggered by a peak detector. Fig. 6 . Energy extracted from a Q220-A4-303YB PT with a 7 g tip mass and excited at its resonance frequency f0 = 45.7 Hz by QSECE normalized to the energy extracted by SECE. Measurements were executed by performing power conversion for 4 s, first with SECE, then with QSECE with combinations of (P, TMAX f0) belonging to the cartesian product {0.1, 0.2, …, 1}×{1/16, 1/8, 3/16, 1/4}.
